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Summary

UVB irradiation modulates immune responses in the skin and is a major
cause of sunburn, during which neutrophils accumulate in the skin. Because
of their abundance in skin and ability to produce a variety of proinflamma-
tory mediators, we propose that mast cells may play a key role in ultraviolet B
(UVB)-induced skin inflammation. Cord blood-derived human mast cells
were treated in vitro with varying doses of UVB and production of multiple
cytokines was measured in culture supernatants. UVB exposure significantly
increased the release of interleukin (IL)-8 and modestly increased IL-1a pro-
duction, but cytokines such as IL-2, IL-4, IL-6, IL-10, IL-12, IL-13, tumour
necrosis factor (TNF)-a and interferon (IFN)-g were unaffected. Cyclohexim-
ide reduced the UVB-mediated induction of IL-8 by 30–40%, suggesting that
new protein synthesis contributed to IL-8 production. In line with this, UVB
treatment of mast cells significantly increased IL-8 mRNA. In contrast to its
effect on IL-8 production, optimal doses of UVB did not provoke histamine or
tryptase release, indicating little effect on degranulation. Our data suggest
that mast cells may play a major role during UVB-induced acute inflamma-
tion by selectively inducing cytokines involved in neutrophil recruitment.
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Introduction

Ultraviolet B (UVB) (280–320 nm) exposure is a major
cause of sunburn characterized by an acute inflammatory
response whereby erythema, changes in vascular permeabil-
ity [1], dilatation of dermal blood vessels and epithelial
hyperplasia are hallmark features. The acute inflammatory
changes in skin following short-term irradiation by excessive
UVB are well established. They are characterized by accumu-
lation of neutrophils and mononuclear cells within the
dermis [2]. Vascular endothelial cells show signs of activa-
tion and express E-selectin [3] and anti-intercellular adhe-
sion molecule (ICAM)-1 [4] 6–24 h after UVB irradiation.
These adhesion molecules promote leucocyte binding to
the endothelial surface and a leucocyte transmigration to
affected sites [5]. Accumulation of inflammatory cells peaks
at 12 h [2], although the mechanism(s) of neutrophil
recruitment after sunburn are currently unclear.

There is strong evidence linking UVB with functional
deficiencies in cellular immunity, resulting in changes in
epidermal pro- and anti-inflammatory cytokine profiles,
suppression of phagocytosis [6] and increased reactive

oxygen species (ROS) production by keratinocytes [7],
reduced antigen presentation by Langerhans cells [8] and
induction of early lymphocyte depletion and late T cell
proliferation [9]. UVB can also provoke apoptosis [10],
immunosuppression [11], and ROS production can initiate
cell damage and induce apoptosis [10,12] and cause direct
DNA damage [13]. Although there is clear evidence for
involvement of cytokines such as interleukin (IL)-1, -8, -10,
-15 and tumour necrosis factor (TNF)-a in UVB-induced
dermal inflammation [14–17], cellular sources and the
kinetics of production of these cytokines have not been
elucidated fully.

Mast cells derived from the bone marrow reside in periph-
eral tissue as mature or committed progenitor cells. Their
functions as early effector cells of allergic diseases [18,19]
and in innate immunity [18] have been described
extensively. One important role of mast cells is their ability to
promote rapid recruitment of neutrophils to sites of inflam-
mation [20]. Although UVB affects predominantly the epi-
dermis, studies indicate that a proportion of UVB light
(~ 15%) penetrates into the reticular dermis [21] where mast
cells are located [22]. There is sufficient evidence implicating
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mast cells in UVB-induced acute inflammation and immune
modulation [23] but their exact roles are not understood
fully.

This study aims to investigate the effects of UVB on mast
cells and determine the profile of proinflammatory and
immune-modulatory mediators. Here we show that UVB
selectively induced the release of IL-8 and IL-1b in a dose-
and time-dependent manner without causing significant
mast cell degranulation. IL-8 production was due partially to
de novo synthesis and mediated through the p38-mitogen-
activated protein kinase (MAPK) signalling pathway. This
study suggests that mast cells may contribute to recruitment
of neutrophils during UVB-induced acute inflammation.

Materials and methods

Reagents

IL-6 and IL-10 were purchased from R&D Systems (Minne-
apolis, MN, USA), and stem cell factor was a generous gift
from Amgen (Thousand Oaks, CA, USA). Mouse anti-
human a and b tryptase antibody (clone AA1) was pur-
chased from Dako (Glostrup, Denmark), mouse anti-human
chymase antibody was from Chemicon International
(Temecula, CA, USA) and goat anti-mouse-horseradish per-
oxidase (HRP) was from Bio-Rad (Hercules, CA, USA).
Cycloheximide was from Sigma (St Louis, MO, USA),
histamine enzyme-linked immunosorbent assay (ELISA)
was from Immuno Biological Laboratories (Hamburg,
Germany) and the human IL-8 ELISA kit was from R&D
systems. Mouse anti-human c-kit [CD117-fluorescein
isothioyanate (FITC)-conjugated] antibody was purchased
from BD Bioscience Pharmingen (San Diego, CA, USA) and
the Bio-Plex cytokine assay system was from Bio-Rad. The
p38 MAPK inhibitors, SB202190, SB203580 and the extra-
cellular signal-regulated kinase (ERK) MAPK inhibitor
PD98059 were purchased from Calbiochem (La Jolla, CA,
USA).

Human mast cell culture

Highly purified cord blood-derived human mast cells were
generated by long-term culture of progenitor cells as
described previously [24,25]. In brief, heparinized cord
blood, obtained after routine caesarian section from the Aus-
tralian Cord Blood Bank at the Royal Women’s Hospital
(Sydney, Australia), was depleted of erythrocytes by sedi-
mentation on 4·5% dextran solution for 1 h and centrifuga-
tion over Ficoll-Paque Plus (Amersham Biosciences,
Uppsala, Sweden). Cells from the mononuclear interface
were collected after centrifugation and washed twice with
phosphate-buffered saline (PBS) and once with PBS contain-
ing 5 mM ethylenediamine tetraacetic acid (EDTA). Mono-
nuclear cells were then cultured at 37°C in a humidified
atmosphere containing 5% CO2 at a starting density of

2 ¥ 106/ml in high glucose RPMI-1640 (Gibco, Auckland,
NZ) supplemented with 10% fetal bovine serum (FBS),
2 mM l-glutamine, 0·1 mM non-essential amino acids,
2 mg/ml gentamycin (all from Sigma), 100 U/ml penicillin,
100 mg/ml streptomycin, 0·2 mM 2-mercaptoethanol (all
from Gibco), 100 ng/ml stem cell factor (SCF), 50 ng/ml
IL-6 and 10 ng/ml IL-10. The medium was replenished
weekly. The mast cells were assessed morphologically by
metachromatic toluidine blue staining and immuno-
histochemical staining of cytospin preparations with anti-
chymase and anti-tryptase antibodies [25] and by flow
cytometric analysis of CD117-stained cell suspensions
[24,25]. Within 6–8 weeks of culture greater than 95% of
cells were metachromatic and positive for c-kit, tryptase and
chymase.

UVB irradiation of mast cells

Mature cord blood-derived mast cells (106/ml) were placed
in wells of a six-well Nunc plate (Nunc, Roskilde, Denmark)
containing 10% FBS (Sigma) in phenol red-free RPMI-1640
(Gibco) containing SCF (100 ng/ml). Cells were irradiated
with 5–30 mJ/cm2 of UVB light (FL20SE bulbs; Philips,
Sydney, Australia), as described previously [26–29]. The
intensity of the UVB light was monitored and calibrated
before each experiment using a radiometer-photometer
(model IL1400A; International Light, Newburyport, MA,
USA). Exposure of cells for 45 s provides 5 mJ/cm2 and
3 min irradiation delivers 20 mJ/cm2 of UVB. Following
exposure, plates were incubated in a humidified atmosphere
of air/CO2 (5%) at 37°C, for the times specified. Mock-
irradiated cells served as controls and were resuspended in
the same media and handled in the same way as UVB-treated
cells. After initial UVB dose–response studies for cytokine
production and cell viability assay (annexin V apoptosis
detection kit; BD Bioscience Pharmingen), 20 mJ/cm2 of
UVB provided optimal production of cytokines with
minimal levels of cell death (apoptosis). Hence, this dose was
used for subsequent experiments.

Mast cell degranulation after UVB treatment

To determine the immediate effect of various doses UVB on
mast cells, histamine and tryptase levels were used as a
measure of degranulation 1 h after irradiation. Histamine
levels in supernatants and in the corresponding cell pellets
lysed were measured by ELISA according to the manufactur-
er’s protocol (Immuno Biological Laboratory). The percent-
age of histamine release was quantified as: (histamine in
supernatant/histamine in supernatant + histamine in cell
pellets) ¥ 100.

Supernatants from the above experiments were used to
determine tryptase released from mast cell granules using
Western blotting [30]. In brief, 20 ml supernatants were
loaded onto 10% sodium dodecyl sulphate–polyacrylamide
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gel electrophoresis (SDS-PAGE) and separated under reduc-
ing conditions. After electrophoresis, proteins were trans-
ferred onto PolyScreen™ polyvinylidene difluoride (PVDF)
transfer membranes (Perkin Elmer Life Sciences, Boston,
MA, USA), membranes were blocked with 5% skimmed milk
powder in Tris-buffered saline, pH 7·5 containing 0·1%
Tween 20 (TBST) for 1 h, then incubated with 2 mg/ml
of mouse anti-human a/b tryptase antibody for 2 h at
room temperature. After washing with TBST (4 ¥ 5 min),
membranes were incubated with goat anti-mouse HRP
(100 ng/ml) for 2 h at room temperature. After washing
with TBST (4 ¥ 5 min), membranes were incubated with
HRP-chemiluminescence substrate (PerkinElmer) and blots
analysed using LAS-3000 (FUJI Photo Film Ltd, Tokyo,
Japan).

Cytokine production by UVB irradiated mast cells

Mast cells (106/ml) irradiated with various doses of UVB
(5–30 mJ/cm2) were then incubated for 1–48 h; 200 ml
culture supernatants were then collected at 1, 8, 24 and 36 h,
residual cell debris removed by centrifugation at 14 000 g for
2 min and stored at -80°C. Concentrations of IL-1, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, TNF-a and IFN in
supernatants were measured using the Bio-Plex system,
according to the manufacturer’s instructions (Bio-Rad). In
brief, 50 ml aliquots were added to 50 ml antibody-
conjugated beads in a 96-well filter plate, incubated for
30 min at room temperature, and washed three times with
Bio-Plex washing buffer. Plates were subsequently incubated
for 30 min with 25 ml biotinylated anti-cytokine antibody/
well, then washed with Bio-Plex washing buffer and 50 ml
streptavidin-conjugated phycoerythrin added to each well.
Following a final wash with Bio-Plex washing buffer A,
125 ml Bio-Plex assay buffer was added, fluorescence mea-
sured using the Luminex 100 system (Bio-Rad), and results
analysed by Bio-Plex Manager™ software (Bio-Rad). The
lower and upper levels of cytokine detection for this assay
were 1 pg/ml to 32 ng/ml (Bio-Rad). After initial screening
to identify cytokines modulated by UVB, levels of IL-8 in
culture supernatants were determined using by ELISA
according to the manufacturer’s instructions, the sensitivity
was � 32 pg/ml.

Inhibition of IL-8 production by cycloheximide

To determine whether IL-8 was newly synthesized or released
from pre-formed stores, mast cells were treated with
cycloheximide. Cycloheximide is a glutarimide antibiotic
which inhibits protein synthesis of eukaryotic cells by block-
ing the translation of messenger RNA [31]. In brief, imme-
diately after UVB irradiation (5 or 20 mJ/cm2), cells were
centrifuged at 1200 g at room temperature for 10 min, resus-
pended in phenol red-free RPMI-1640 with stem cell factor
(100 ng/ml) and cycloheximide (0–0·5 mg/ml) added. Cells

(1·5 ¥ 105/ml) were transferred to 96-well Nunc plates and
incubated for 24 h, then the supernatants were harvested and
IL-8 levels quantified.

Quantitative analysis of IL-8 mRNA by real-time
polymerase chain reaction (PCR)

Mock-irradiated or UVB-irradiated (20 mJ/cm2) mast cells
(5 ¥ 106) were incubated in 10% FBS phenol red-free RPMI-
1640 containing SCF (100 ng/ml) for 4 h, washed with PBS
and total RNA extracted using RNAgents™ Total RNA Iso-
lation System (Promega, Madison, WI, USA). cDNA was
synthesized by reverse transcription of 1 mg total RNA, using
a cDNA synthesis kit (Life Technologies, Inc., Gaithersburg,
MD, USA). IL-8 mRNA was quantified with ABI prism
Sequence Detection System, using Assays-on-Demand gene
expression product purchased from Applied Biosystems
(Foster City, CA, USA). Real-time PCR was performed
according to the manufacturer’s instructions. Thermal con-
ditions used were 50°C for 2 min, followed by an initial
denaturation step at 95°C for 2 min, then 35 cycles at 95°C
for 15 s and 85°C for 5 min.

Inhibition of IL-8 production by pharmacological
MAPK inhibitors

To determine whether the MAPK pathway mediated IL-8
induction by UVB, mast cells (1 ¥ 106/ml) were pretreated
with pharmacological inhibitors of ERK or p38; PD98059
(10 mM) [26], SB202190 (1 mM) [26], SB203580 (1 mM) [32]
or vehicle control [dimethylsulphoxide (DMSO), 0·05%].
Mast cells were incubated with the respective agent for
1 h prior to irradiation with 20 mJ/cm2 UVB. Culture
supernatants were collected 24 h post-irradiation and IL-8
quantified.

Statistical analysis

Statistical analyses were performed using one-way analysis of
variation (anova) followed by Kruskal–Wallis test. P-values
less than 0·05 (P < 0·05) were considered to be statistically
significant.

Results

Immediate responses of cord blood-derived mast cells
to UVB irradiation

To determine whether UVB caused immediate degranula-
tion of mast cells, levels of mediators known to be stored in
granules (histamine and tryptase) were analysed in culture
supernatants harvested 1 h after exposure. Although there
was significant degranulation in response to 10 mM calcium
ionophore (80 � 5·6% of total histamine, P < 0·01), irradia-
tion with various doses of UVB (5–30 mJ/cm2) did not
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provoke significant degranulation (P > 0·05 for all doses,
one-way anova). Maximum histamine levels reached
12·0 � 2·2% from cells irradiated with 10 mJ/cm2 UVB
compared to 7·1 � 0·3% in mock-irradiated controls
(Fig. 1a). Similarly, tryptase (Fig. 1b) or other pre-stored
cytokines such as TNF-a and IL-6 (data not shown) did not
increase above basal/constitutive levels.

IL-8 is selectively released by mast cells after UVB
irradiation

Treatment of cells with various doses of UVB for 8 h caused
a dose-dependent increase in the release of IL-8 from
271 � 21 pg/ml in non-irradiated cells to 1757 � 511 pg/ml
in cells irradiated with 20 mJ/cm2 UVB (P < 0·05; Fig. 2a).
Although cells irradiated with 30 mJ/cm2 also showed sig-
nificant increase in IL-8 production (P < 0·05), there were
substantial levels of cell death at this dose (data not shown),
therefore 20 mJ/cm2 was selected for subsequent studies.
Irradiation of cells with optimal dose (20 mJ/cm2) of UVB
caused a significant time-dependent increase (five- to eight-
fold) in IL-8 production measured at 8, 24 and 36 h (P < 0·05
for all time-points, Fig. 2b).

Less dramatic increases in IL-1a production were also
evident 24 h after UVB irradiation (Table 1). IL-1a
production showed a similar trend, albeit at low levels
(0·8–4·3 pg/ml). Interestingly, no UVB dose altered IL-2,
IL-4, IL-6, IL-10, IL-12, IL-13, TNF-a or IFN-g levels
(Table 1).
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Fig. 1. Mast cell degranulatory products after ultraviolet B (UVB)

irradiation. Degranulation of mast cells 1 h after UVB irradiation

determined by histamine enzyme-linked immunosorbent assay

(ELISA) (a) and Western blotting for tryptase (b) indicated no

significant degranulation in response to various doses of UVB.

(a) Each bar represents the mean � standard error from three

independent experiments.
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Fig. 2. Induction of interleukin (IL)-8 by ultraviolet B (UVB)

irradiation in mast cells. (a) Dose-dependent IL-8 production by mast

cells after UVB irradiation showing significant increases at 8 h (solid

squares) (*P < 0·05) (n = 3) but not at 1 h (open squares) (n = 2).

(b) Time-dependent increase in IL-8 in response to 20 mJ/cm2 UVB;

significant increases in IL-8 occurred at each time-point (solid

squares) compared to mock-irradiated control cells (solid trianges)

(n = 7) (**P < 0·01, *P < 0·05).

Table 1. Ultravioler B (UVB) induces interleukin (IL)-8 and IL-1b pro-

duction by mast cells after UVB irradiation.

Cytokines (pg/ml)*

UVB (mJ/cm2)

0 20

IL-1b 21·9 � 6·1 52·1 � 3·2

IL-2 43·3 � 20·6 48·7 � 26·0

IL-4 24·0 � 3·2 40·6 � 15·5

IL-6† 30·7 � 5·1 29·4 � 6·2

IL-8 367·3 � 89·8 1846·4 � 167·6

IL-10 314·6 � 30·1 291·9 � 7·1

IL-12 12·4 � 5·8 20·9 � 11·3

IL-13 12·7 � 5·7 13·5 � 6·8

TNF-a 26·5 � 7·3 26·6 � 6·6

IFN-g 154·1 � 80·4 158·3 � 76·3

*Values represent means � s.e. from two independent experiments

using supernatants harvested at 24 h. †IL-6 = ng/ml. IFN: interferon;

TNF: tumour necrosis factor.
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UVB caused release of newly synthesized and
preformed IL-8

To determine whether IL-8 produced by mast cells in
response to UVB irradiation was due to de novo protein
synthesis or to release of the preformed stores cytokine, cells
irradiated with 20 mJ/cm2 UVB were treated immediately
with cycloheximide (range, 0·125–0·5 mg/ml) and superna-
tants harvested 24 h later. Cycloheximide at 0·5 mg/ml sub-
stantially reduced IL-8 levels (by 44%); however, this was not
statistically significant (P < 0·17; Fig. 3a). These results indi-
cated that a significant proportion of IL-8 released in
response to UVB irradiation was newly synthesized. Because
IL-8 mRNA levels in mast cells collected 4 h after irradiation
increased approximately threefold (Fig. 3b), these data would
indicate a direct effect on transcriptional activity. Moreover,
IL-8 in culture supernatants collected from the same cells
used to detect mRNA increased 10–12-fold (990 pg/ml in
cells treated with UVB compared to 85 pg/ml in controls).

UVB-induced IL-8 synthesis is mediated via the MAPK
p38 signalling pathway

The downstream signalling likely to mediate IL-8 produc-
tion following UV exposure was investigated by pretreating
mast cells with pre-optimized doses of p38 inhibitors
(SB202190 and SB203580) and an ERK inhibitor
(PD98059). The p38 inhibitors reduced IL-8 production by
irradiated cells by 70–80% (Fig. 4). In contrast, the ERK
inhibitor PD98059 caused only 25–35% inhibition (Fig. 4),
suggesting that signalling via the p38 MAPK pathway may
play a critical role in UVB-induced IL-8 production by
mast cells.

Discussion

Human mast cells modulate immunological responses by
releasing a range of preformed and newly synthesized cytok-
ines following stimulation with mediators such as SCF or
upon cross-linking of their high-affinity IgE receptor
(FceRI) [33]. Mast cells may contribute to UVB-induced
acute inflammation of skin [34], but their exact role in the
pathogenesis of dermal inflammation is not understood
fully. One important role of mast cells is to promote rapid
accumulation of neutrophils to sites of inflammation
through rapid generation of stored mediators such as hista-
mine, TNF-a and IL-8 [20].

In this study, mast cells were treated with a range of UVB
doses equivalent to sun exposures that cause changes in
human skin, ranging from mild erythema (10–15 mJ/cm2) to
moderate sunburn (20–30 mJ/cm2), which is characterized
by acute inflammation and accumulation of neutrophils
[2,21]. For the first time, we show that UVB-irradiated mast
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cells are a major source of the primary neutrophil chemoat-
tractant cytokine, IL-8. We demonstrate significant dose-
and time-dependent increases in production of IL-8 and an
early up-regulation of IL-8 mRNA. Furthermore, pretreat-
ment of mast cells with the protein synthesis inhibitor, cyclo-
heximide decreased UVB-mediated IL-8 production by
~40%, indicating that secreted levels were partially derived
from newly synthesized protein.

Interestingly, mast cells irradiated with UVB did not
release significant amounts of other preformed or newly
synthesized mediators, indicating that the release of IL-8 and
IL-1b by these cells was highly selective. Our data with phar-
macological inhibitors of p38 showing > 70% reduction in
IL-8 production suggests involvement of the p38 signalling
pathway in UVB-mediated mast cell activation. This is
consistent with previous studies that demonstrated
up-regulation of the MAPK signalling pathway via p38 by
UVB [35,36].

The kinetics of IL-8 production by mast cells coincided
with the time-course of neutrophil accumulation in human
skin after UVB irradiation [2]. Thus UVB may induce selec-
tive production of IL-8 in mast cells that could contribute to
histological changes in the dermis typical of ‘sunburn’ [2,21].
Our observations are consistent with previous results
showing attenuated dermal inflammation and absence of
neutrophils in UVB-treated mast cell-deficient mice [37]. In
contrast to the dosed used here, irradiation with high-dose
UVB (75 mJ/cm2) substantially decreased IL-8 secretion by
skin mast cells [38]. We found that such high doses of UVB
caused significant apoptosis (~40%) of mast cells (unpub-
lished observation) that might have been responsible for the
reduction in IL-8 production observed by Guhl et al. [38].

Cord blood-derived mast cells used in this study show a
phenotype that closely resembles human skin mast cells that
are known to degranulate and release preformed mediators
such as TNF-a in response to UVB irradiation in vivo [1,38].
However, in vitro irradiation of cord blood-derived mast
cells with various doses of UVB did not induce significant
degranulation. Thus UVB-induced mast cell degranulation
in vivo might be due to indirect mechanisms involving
release of mast cell activators such as SCF by other cells [39].
Trans-urocanic acid derived from UVB-irradiated kerati-
nocytes promotes formation of cis-urocanic acid that in turn
stimulates production of neuropeptide that could also con-
tribute to mast cell degranulation [40,41].

Although the underlying mechanisms are not well estab-
lished, dermal mast cells are proposed to play a role in UVB-
induced suppression of cell-mediated immunity [42]. We
postulated that UVB-irradiated mast cells might produce
cytokines that regulate immune responses. However, we were
unable to demonstrate production of immune regulatory
cytokines such as IL-10 or IL-12 by UVB treatment. It is
plausible that neutrophils recruited by mast cell-derived IL-8
might produce immunosuppressive cytokines such IL-10
[43], thereby indirectly regulating immune responses.

In conclusion, we demonstrate an early and selective pro-
duction of preformed and newly synthesized IL-8 by cord
blood-derived mast cells in response to UVB treatment via
the MAPK p38 signalling pathway. Mast cells, as a major
source of the primary neutrophil chemoattractant (IL-8)
and the proinflammatory cytokine (IL-1b), may play a key
role in initiating UVB-induced acute inflammation.
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